(12) \J 



K Patent Application GB 2 218 5 i4n3,A 



(43) Oaieo^ A pubficadon 15.11.1989 



(21) Appiication No 3906374.7 


(51) INTCL* 

Cjuiri Jirjs Jj/')^/ 


tO^y Data of fifina 20 03.1 989 


(52) UK CL (Edmon J) 


(30) Priority data 

(31) 193027 (32) 1^05.1988 (33) US 


1 D dova 
U1S S1032 




(56) Documents dted 
None 








Ganerai Motors Corporation 


(53) Fieid or search 

UK CL (EatX2n J) GIB oAA aBG 


^inCOrpOiaiOC in ino u^m wwiawraic/ 


IN 1 Ui, vjOiN 


3044 West Grand Bouievani, Oeiroil, Michigan 48202, 




United Slates of America 




(72) inventors 




Peter Shu-TI Lee 




Richard P Majkowski 




Dale L Parlln 




(74) Agent and/or Address for Service 




A 0 Haines 




Patent Section (F6) Vuajihail Motors Ud. ? 0 Sox 3, 




- Kimpton Road, Luton, Beds, LU2 OSY. 




United Kingdom i 





(54) Process evaluation by isotope enrichment 

(57) An evaluation of an engineering ar bioicgicai process cr syste.n zzr. ze mace by ::eating ^ne systam with an 
isGlcpicaily-«nrichGd substance which flows through the system intac cr ^,wh\ch is changed into ancirer suostanca 
containing isotopd-enrichment. and a gaseous sample thereor is ana::/zad at low pressure e.g. by inira- red specroscopy to 
measure the intensity of a soecific absorption line of the enriched isctccic soecies whereby the concentration of the speces 
is calculated. The enrichment of the measured species furnishes inicrrr^ation about the functioning of the process. In 
bio-medical testing, the tracer isotopic species used frequently are enricred values of CO. CO.. or NH, ;n the braaih or 
derived from tissues or other specimens. 
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PPOC^SS SVAr.nATION 3Y rSOTOPS 5NRICHMENT 



Pield of Tnvenfcion 

This invention relates to a stable isotope 
enrichment metihod for measuring the effects of a system 
or process on a substance and particularly to such a 
method using infra-red spectroscopy for direct 
measurement of species concentration. 
aackoround <--he Invention 

Clinical biomedical testing as well as 
engineering or scientific testing often involves the 
evaluation of a process occurring in the human body or 
other system. One weli-<nown test requi-es thai-. 5 
substance enriched with a tracer, usually in forni 
of an isotope, be measured to evaluate the effect of 
the system process on that substance. 

The use of radio-isotopes for such tests is 
well documented and valuable information has beer, 
gathered in this manner. It is also well Known that 
the radio-activity can have undesirable effects on . 
human or other subjects exposed to che radiation and 
contamination of mechanical systems as well as waste 
disoosal problems make the radio-active tracer 
techniques undesirable. Another drawback is ".hat 
suitable radio-isotopes do not e.xist for every 
substance needed for testing. 

Stable isotopes have also been used as 
tracers. The application of such tracers is discussed 
in the paper, "Stable Isotope Tracer in the Life 
sciences and Medicine", Matwiyoff et al: Science, 131, 
1125 (Sep. 1973). These stable tracers have the 
advantages of safety since exposure to radiation is 
not necessary. A further advantage is the wide variety 
of isotooic soecies available for use as tracers. The 
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abandant species naturally occurring in any syscem 
usually have cnemicallv equivalent low abundance or 
rare isotooic species suitable for use in anriciiraenc 
tests. Heretofore the practicality of such tests has 
been limited by the lack of a good method of measuring 
the concentration of enriched species. 

Mass spectroscopy is often used for such 
stable isotope measurements, particularly for 
bio-medical applications, as set out in the above 
n,entioned Science article. These systems can be made 
to be verv accurate for ratio measurement but then ror 
the most oart, they are unable to make direct 
concentration measurements. One of the problems w^:. 
mass spectroscopy is that some substances s.cn ... 
carbon monoxide (CO) have mass redundancy , i ■ a . 
different isotopes of the same molecule car. nave ...a 
same nominal mass, so that mass separation cannot 
used, thereby eliminating some very useful spec.es as 
tracer substances. These mass spectrometers are very 
expensive, highly trained operators are requ.rec ana 
test results are delayed due to the extensive 
orocessing required- for sample preparation. Because 
Isotooe ratio mass spectroscopy measures ratios or 
species of different mass, any interfering species 
25 having the same nominal mass of the one to be measured 
are often oresent and must be removed prior to mass 
ratio meas"urement. This is not always feasible. The 
isotooe ratio mass spectrometers are not general 
purpose in the sense of being applicable to a wide 
variety of species. Rather, to afford sufficient ^ 
sensit-:vity to resolve the species of similar mass, .ne 

^ dedicated to ooeration in a rather narrow 
instrument la aeoicat-u u« . 
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portion of the mass spectrum. As a result^ the mass 
spectroscopy technique is useful as a research tool but 
is economically prohibited from becoming a widely 
available clinical instrument to meet the needs of 

5 the medical profession, 

"Determination of Carbon-13 by Infrared 
spectrophotometry of Carbon iMonoxide", McDowell: 
Analytical Chemistry, 42, 1192 (1970) discloses that 
mass spectrometry might be avoided for- the measurement 

10 of the ^•^COZ-'-^CO ratio in a sample thac appears to be 
pure CO. The relatively broad band of the 
spectrophotometer fails zo resolve the individual 
isotopic lines but does accomplish a rrud? measure of 
the ratio. Neither an accurate ratio ncr an absclut- 

15 concentration can be determined by tnis zechnoloc;/ , 
Another infra-red measurement has found utility in 
automotive emissions testing; but isotope enrichment is 
not used. As described in the tape: by J. Hill et al : 
• "Time-Resoive'd Measurement of Vehicle Sulfate and 

20 Methane Emissions with Tunable Diode Lasers", SA£ 

800510 (Feb. 1980), a tunable diode laser is used to 
scan absorption lines of molecules in exhaust gas 
samples without regard to isotopic species- The sample 
is at a pressure too high to allow the resolution of 

25 fine line structure representing individual isotopic 
lines so that only a gross measurement is made. 

Infra-red absorption spectroscopy is known to 
be useful for the measurement of naturally occurring 
isotopic species. Sometimes the parameter being 

30 measured is the isotope spectrum, i.e., the wavelengths 
of the several absorption lines. This is shown by 
Jensen et al: Laser Focus, May 1976, which reveals 
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that tunable diode lasers were used to identify 
spectra of naturally occurring uranium isotopes. The 
measurement of isotope concentrations is not taught . 
in other cases the measurement of the concentration 
of an isotope is important and measurement accuracy is 
stressed. For example, Labrie et al: Applied Physics, 
24, 381 (1981), discloses a radio-carbon dating 
measurement using a tunable diode laser and a 
mul^'-oass ootical cell for measuring carbon-14 
concentration, althougn several hours are required for 
each measurement to achieve the accuracy called for by 
radio-carbon dating. The oaper concludes that 
infra-red laser soecrroscopy can 2- used for f-e 
measurement of small abundances c: other statl^. ".c 
15 cadioactive isotopes, while -ne -cr.niqje is 
■ interest, the long measurement -.-.r^-- ioes ao-. ..e.- zn^ 
■ needs of clinical testing. "Isc-.ope .V-.alysia by 
infrared Laser Absorption Spectroscopy", Lehnar.- e- 
al: ADolied Physics 13, 153 (1977), discusses a 
tunable PbS laser to examine isotope-enriched carocn 
dioxide to identify the existence of absorption lines 
for each isotope and to measure absorption coeffl cien-.s 
at different pressures. It is suggested chat acc.ra-.e 
results require a split-beam double-pass system. 

The application of infra-red methods to 
isotope measurements for detecting stable isotopes in 
bio-medical applications is briefly considered in the 
above mentioned 1973 Science article by Matwiyoff et 
al. in that paper there is no description ot a 
particular infra-red syste.;.. It discusses the 
technique of i.ngesting a '^C-labelled substrate, 
breathing into an evacuated bulb, and determining the 



excsss ^"Z in the breath carbon dioxide by an infra-red 
spectrometer. The difficulties in sample preparation 
are not revealed nor is the accuracy of the method. It 
is well known that the relatively broad band of any 

5 spectrometer available in that era does not very well 
lend itself to separation of isotopic species. In 
another section the paper states that while infra-red 
methods require simple inexpensive instrumentation, 
they are limited mainly to simple gases and do not 

10 provide information about the location of the isotope 
in the molecule and zhus , by impiic2-ion, are inf=r:i:;r 
to nuclear magne-ic resox-ancr 'NMrJ :r masi 
spectrometry methods. 

The mo s c e r. u r .?.c i ng wo r k i r. :: i c i: _ n c z h 

15 practicality of infra-red spectroscopy ased for srible 
isotope measuremen -3 in biological or sncin^erino 
systems is that of Lae -at al is described in "Tunacle 
Diode Laser spectroscopy of Stable isccopic 
Tracers-Detection and Measurement or :^elative Abundance 

20 of isotopic Carbon Monoxide", Lee ez al: proceedings 
of the Second international Syroposi'-im on Synthesis and 
.Applications of Isbtcpically Labeled Compounds, pages 
441-446 (1936); " High - Resolution Infrared Diode Laser 
Soectroscopv for isocope Analysis - Measurement of 

25 Isotopic Carbon Monoxide", Lee et al: Applied Physics 
Letters 48, 619 (Mar. 1986); U.S. Patent 4,684,305; and 
"The Clinical Spectruni", Scientific American, Dec, 
1987. This work is referred to by ?artin: Mat. Res. 
Soc. Symp. Proc. Vol. 90, (1987). That work showed 

30 that infra-red spectroscopy using a tunable diode laser 
and a dual path measurement cell in which one path is 
adjustable provides very accurate results and chat it 
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is well suited to the measurement of ratios of isocopic 
species used in clinical tests of patients. The syscem 
is proposed as a simpler, far less expensive instrument 
than the mass spectrometer previously in use that 
could broaden the scope of tracer methodologies. That 
system uses a dual path sample cell in- which one path 
is adjustable in order to gain simultaneous 
measurements of two isotopic species (normally 
comorising an abundant naturally occurr-ing isotope ana 
a much less abundant isotope which may be enrichec) 
and the isotope ratio is measured with great accuracy. 
The present invention is a developnient oz -hat vo,:<. 
qntnmarv of ^^'^ Tnvention 

It is therefore an object of che invent :- vs 
provide a process evaluation methoo u.-i-,g inf:a-'^: 
spectroscopy to directly measure cor.cencratior.. oi 
isotooically-enriched materials. 

It is another object to orcvide sucn a .necnoc 
capable of obtaining such measuremen.s without resor. 
to isotooe ratio measurement. 

It is a further object to provide such a 
method reauiring simple single path aocarat-is, 
requiring minimal sample preparation and yielding raoic 
results. 

in general, the invention is carried ou- oy 
the method of evaluating a process in a system 
containing material amenable to isotope enrichment 
comorising the steps of treating the system with a 
substance enriched with a tracer isotope, after sucn 
treatment, preparing a gaseous sample of material from 
the system containing a tracer species enriched wxcn 
the tracer isotope, transmitting monochromatic 



radiation through the gaseous sample at the frequency 
of an absorption line for the enriched species, and 
detecting the intensity of a spectral line for the 
enriched species in the sample to determine the 
concentration or the enrichment value of the tracer 
species in the sample. 
Brief Description of the Drawings 

The above and other advantages of the 
invention will become more apparent from the following 
description taken in conjunction with the accompanying 
drawings, wherein like referencss refer to like pares 

and wherein: 

Fiauras 1 and 2 are graphi wich ii .rfrv 2"; :. 
vertical scales of soecrral lines of. carbon inorcA-.or -.r. 
human breath illustrating che technology ijt-liT,=d i.- 
the method of the invention, 

Figure 3 is a schematic diagram of an 
apparatus for carrying out the mechod of the inver.-ion, 
and 

Figure 4 is a graph of line intensities in a 
high resolution spectrum of isotopic species. 
nescriotinn of -he ?referred Embodiment 

The method of the invention is described 
chiefly in terms of bio-medical applications, altnough 
some industrial process control or engineering tes-ing 
applications will occur to those who become familiar 
with the invention. The success of the applications 
depends on making measurements with sufficient accuracy 
to suit the needs of the application with relatively 
inexpensive equipment. It has been demonstrated that a 
single path infra-red spectroscopic instrument with 
sensitive detection can produce signals with excellent 



signal-to-noise ratio suitable for analysis of very low 
isotopic species analysis in human breath. Two 
spectroscopy techniques are presented here foe use with 
the method of the invention, one technique being 
5 especially attractive for the accurate detection of low 
isotopic species concentration and the other technique 
being simpler and preferred for larger concentrations. 

One of the techniques employs second harmonic 
detection. It is well icnown and need not be detailed 
10 here. Further information is found in the paper of 
Heid at al : "Second-aarmonic Detection with Tunable 
Diode Lasers - Comparison of sxperimenc and Theory", 
Appl. PhysV 325, 203-210 (1931) which is ir.ccr?o:a..c 
herein by reference. Figures 1 and 2. which diff=: 
15 only in that Figure 2 has an expanded ,-rwica.i scdle . 
show a second harmcr.ic decec-.ion c^rve represent inc 
the absorption lines for natural isotopic abundance of 
carbon-12 and carbon-i3 species cf CO. The "Z-^O pea'-, 
reoresents a concentration of one to ten parts per 
20 hundred million. The lines were obr.ai..ed for a 3a.-ple 
of human breath from an individual w-.-.h water vapor 
removed and no other procsssing. The sample was heli 
at a oressure of 3200 ?a (24 torr), and was scanned 
through a oath length of 20 metres by radiation from 
a tunable diode laser. The line peak is related to the 
concentration of the measured species by a working 
curve obtained by calibration of the instrument using 
standards of Icnown concentration. This elegant 
procedure is exceptionally good for measurement of 
very low concentrations but a simpler more direct 
technique, described below, is used where larger 
concentrations are to be measured. In each case the 
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measurement of species ratios is not required. Each 
approach uses the same basic spectroscopy instrument. 

Typical apparatus for carrying out the method 
is shown in Figure 3. The apparatus includes a tunable 
5 diode laser 10^ a power supply 12 for the laser 10, and 
a temperature controller 14. The laser is conveniently 
of the lead salt type described in the U.S. Patents 
4,350,990 and 4,136,355 to Lo and 4,577,322 and 
4 '608,694 to par tin, but may also be of the GalnAsSb 
10 types, such lasers are tuned by varying the operating 
temperature and are available for operation in the 
wavelength range of 2.5 to 30 Hiicrom-.r-s The l53-=.r 
can be scanned over a s;nall band, say about 0.5 z :■ 1 
cm'-^, at a rate of 500 cycles per second. The la.-;r 
15 can also be tuned to emit at a ore--^-. wavelenc-.^ 
without scanning action zo specifically target an 
absorntion oeak , for example. Alterna:ively, scanning 
or sweeping action allows the er.zici absor?r.io.-. curve 
related' to a'sir.gle line to be measured in detail. 3y 
20 varying the in jection . cur ran-., operating parameters oi 
the laser system can be adjusted for a variety of 
isotooes and molecules. .^Vny infra-red active molecule 
with a. suitable spectrum can be studied by this system. 
The system therefore would be versatile rather tha.^. 
25 dedicated to a single isotopic species. The isotooic 
soectral lines are well resolved, thus eliminating any 
background interference like that encountered in 
conventional mass spectrometry. 

The GalnAsSb types of lasers mentioned above 
30 are in a class of shorter wavelength diode lasers 
composed of III-V compounds involving some of the 
following elements: Al , Ga, In, ?, As and Sb, as 
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described by caneau et al; "cw operation of 
GalnAsSb/AlGaAsSb lasers up to 190 K" , Appi . Phys. 
Lett. 49/ 53 (1986). These lasers may not emit at the 
fundamental vibration-rocacion frequencies but are 
utilized for combination or overtone bands along with 
the mote sensitive detecting schemes for stable isotope 
analysis- These shorter wavelength lasers operate at 
relatively high heat-sinlc temperatures and with shorter 
wavelength infra-red detectors, thereby, facilitating 
the use of inexpensive coolers such as thermo-electric 
coolers, or require no cooling below room temperature. 

Still another laser source is a Dand-a'.icnec 
super-lattice laser which has the ?o;:2r,ui5l :f br-.-:C 
fabricated for room temperature ocera-icn. 5.;ch a 
laser is described by Yuh 5- ai; "Mcv-. in:;=-d 
band-aligned superlattice laser", Apcl . ?nys . Lezz . , 

51, 1404 (1987) . 

Laser radiation passes throucr. a chopper ".5 
and a lens system 13 to a grating spectrometer 20 which 
passes a single optical" mode. The laser is -uned so 
that this mode spans the absorption line of the desired 
isotopic molecule. -The radiation then passes through a 
cell 22 containing the sample gas. A detector 23 
senses the radiation which passes the ceil 22 and a 
25 signal processor 30 processes the detector signals and 
provides an output on display 32. In practicing the 
second harmonic detection technique the chopper can be 
omitted and the injection current is varied to modulate 
the radiation. In addition the signal processor is 
equipped to analyze the signal in accordance with 
second harmonic detection. To carry out the method of 
the invention some variations on the basic apparaeus 
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will occur to the user. For example, the small amounc 
of noise present on the baseline of the Figure 2 curve 
is due mainly to optical noise oricinacing in the 
refractive optics. That noise source can be 

5 eliminated by the substitution of off-axis parabolic 
mirrors for the lenses. Then even smaller 
concentrations of an isotopic species can be measured 
without interference from noise. ?ot single mode 
operation, the grating spectrometer can also be 

10 by-passed. 

3iolocical or engineering 'z=szs, lot ixsiTiple. 
often involve the .neasarement ;f ?aa-2ria: w-::r. ■?ar.~~i 
through a subject cr system or .ndsrzoro = -zijzisz 
which may involve ■.•i-'Shemi-al change 7: —.e rr.a--;iJi. 

15 According to the invention, by e.-:ic.-inc tr.e r.A-er:=..: 
with a stable isotope of a molecular ccr.stic^e-t of 
material, the amount of the material which pass-^s -.o 
another part of the syscem or andercoe; a -ne.-ical or 
biological change can be measured ir. -.er-.s of rhe 

20 absolute concentration in a sanicl? ra;<er, from -.he 

system or subject. The measuremen;: is T.ade on a single 
absorption line in the spectra of the -.r=cer isotooic 
species, such a line. is selectee from a region free 
from interference from other species and the sample 

25 requires no preparation other than removal of water 
vapor and maintaining a low pressure eli.Tiinate 
pressure broadening of the spec-ral lines. l: is not 
necessary, as in the case of isotope ratio mass 
spectrometry -.o measure the ratio of the enriched 

30 substance to another substance. Ra-her , the 

concentration is measured directly from the radiation 
intensity at the spectral line along with a measurement 
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of the incidenc raciacion intensity. Possible errors 
in deriving concentracion values from ratiometric 
techniques are avoided. 

in bio-medical testing, a subject may be 
administered an isotopically-enriched or tracer 
substance and after the substance has undergone a 
physiological process it is deposited in a tissue or 
"it is excreted. Very often such tests involve tracers ■ 
which are converted to. carbon dioxide, carbon monoxide, 
ammonia or water in the breath. Then a' braath sample 
is taken by collecting a sample of breath that is 
exhaled from the subject. The wafcar vapoc i3 than 
removed from the sample (unless che vazar -".nor i.saif 
is being tested) and the sample is incroduced -.r 2 
sample cell at a low oressurs, say, of. 3V:0 r.2 
{24"torr). Radiation at che fracuencv oz an ab--oco,-. :.op. 
line of the isotopic tracer species of inters.?! is 
transmitted through the cell and its int-.-si ty , I, 13 
measured after passing through :he cell. To deter.Tiine 
the absolute concentration value a measura of ths 
incident radiation intensity, i^, is needed. That 
value is obtained by evacuating the ceil and measuring 
the intensity of the transmitted radiation at the same 
frequency after passing through the evacuated cell. 
AS illustrated in Figure 4, another method of obcaining 
the incident radiation intensity, Ig, is by tuning the 
frequency of the radiation to a value, fg, jusc off the 
line, that is, near the absorption line but not subject 
to absorption by that line. The concentration of the 
tracer species is determined from the Beer-Lambert law: 
I = I e'^P^ where 0 is the partial pressure of the 
isotopic molecule (torr), 1 is the path length (cm) 



and a is the spectral absorption coefficient of the 
isotopic molecule. In the case of breath samples, the 
isotopically-enriched substance is often enriched with 
carbon-13, oxygen-18 or nitrogen-15 and the resultant 

5 tracer species is usually carbon dioxide, carbon 

monoxide, water or ammonia. Thus two concentration 
measuring techniques are available without reference to 
other isotopic species. Hach has its use depending on 
the physiological function under study. 

AS revealed in OS patent 4,584,305, some 
studies using CO involve the intake of oxygen-13- 
labelled ozone (-^03) or nicrocen i- oxide (N'-^O-; 5ri 
determining the tracer deposi-ed in z-j 
■ preparing a gaseous sample concaini.ng CO froir. t-^ 

15 tissue, and measuring --T.e C-'O/C-'O ratir a.-.d r.--. 
determining the ratio enrichment in the sample. Tne 
present invencion allows che direct meas;:r ^:T...nt c: tne 
C^^O concentration wi-,noa- reference to 2 C-°0 
measurement. The gaseous sample is in-.rod:iCed to 

20 the sample cell at a low pressure. Then one of t.-.e 
concentration-measuring techniques is employed to 
obtain a direct m'easure of the tracer .-cncer.-.cation in 

the sample. 

The well-'<nown glucose tolerance tes- is 

25 usually carried out by taking a series of blood samples 
following ingestion of a quantity of glucose, and zhen 
analyzing the blood samples to provide results ac some 
later time. This invention allows an easier test 
procedure, especially from the viewpoint of the 

30 subject, and furnishes nearly immediate results. The 
glucose administered to the subject is labelled with 
carbon-13. The subject's breath is sampled initially 
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to obtain a reference sample and then sampled 
oeriodically following the oral administration of the 
labelled glucose. The labelled glucose is a precursor 
to carbon dioxide in the breath so that the samples are 
measured to determine the carbon-13 isotopic species in 
the breath. Water is removed from each sample, usually 
by freezing or trapping, and the absolute concentration 
of the tagged CO^ is measured in a few minutes. The 
concentrations of the samples reveal the profile of 
the physiological processing of the glucose, and this 
is independent of nhe presence of COj in the breath 
from any other source. The enrichment of sach sampis 
is determined by the simple comparison wicl-. the 

reference sample. 

It will thus be seen that the tneil-cd r-.ii 
invention makes possible -he investiga-ion of 2 prcce--: 
by the use of stable isotopic tracers through the 
direct measurement of isotopic species concsntra.ior. 
independently of other species in t.he sample. The 
method takes advantage of known apparatus which is 
relatively inexpensive so that the clinical application 
of the method can be made available throughout the 
medical community, although industrial a?clicati.cns are 
also practical. The method requires minimal sample 
25 preoa'ration, especially when a gaseous sample is 

available, and the results can be obtained rapidly, 
in addition, for physiological applications the tests 
are, in most cases, conducted non-invasively . 
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Claims: 

1. A method of evaluating a process m a 
system containing material amenable to isotope 
enrichment comprising the steps of: treating the 

5 system with a substance enriched with a tracer isotope; 
after such treafcnient, preparing a gaseous sample of 
material from the system containing a tracer species 
enriched with the tracer isotope; maintaining the 
gaseous sample at a pressure where a d-istinction 

10 between an absorption line of the tracer species and 
the absorption lines of related isotopic species Is 
discernible; transmitting monochromatic radidti-^n 
through the gaseous sample at the freauency v: -i- 
absorption line for the enriched specirs; a-.d 

15 detecting the intensity of a spectral ii.-s for zr.i 
enriched species in the 3a.T:?le to de: = rmin& c.-.c- 
entichment value of the tracer species in ths sacol-. 

2. A method of evalaating a process In a 
svstem containing material amenable to isotope 

20 enrichment according to claim i, in which the method 

includes the steps of determining an incident radiation 
level by transmitting radiation through tne sample it 
a radiation frequency just off the absorption line and 
detecting the incident intensity, and determining the 

25 enrichment value from the relative detected 

intensities. 

3. A method of evaluating a process in a 
svstem containing material amenable to isotope 
enrichment according to claim 1, in which a reference 

30 value of intensity is determined by detecting the 

radiation in the absence of an absorbing sample, and 
calculating the" enrichment value from the ratio of 
the detected intensities. 
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4. A method of evaluating a process in a 
system containing material amenable to isotope 
enrichment accordihg to claim 1, in which the 
transmitting step comprises modulating the radiation 
frequency and sweeping the radiation frequency over 
an absorption line of the enriched species, ana -_he 
detecting step comprises harmonic detection or cne 
transmitted radiation. 

5. A method of evaluating a process in a 
system containing material amenable to isotope 
enrichment according to claim 1, in which the ..et.cd 
includes the steps of: prior to the enrichmenc 
treatment, preparing a reference gasec:.3 samc.^ :. 
material containing a non-enriched cuanimy 

tracer species; performing the trsr.smit- ir.c .= r.a 
detecting steps to derive a reference speccral .-.v. 
intensitv for the tracer species, and deterxinmg 
the enrichment value from the iifference oe.weer . .ne 
reference spectral line intensity and the enricnec . 
spectral line intensity. 

6. A method of evaluating a process in a 
system containing material amenable to isctoce 
enrichment according to claim 1, in which a plura.icy 
of enriched samples are taken a. different times or 
places and measured for enrichment values to determine 
variations in enrichment quantities. 

7. A method of evaluating a process m a 
system containing material amenable to isotope 
enrichment according to claim 1, in which the method 
is that of evaluating a physiological function xn a 
subject by a stable isotope tracer, and comprises 
the steos of: administering to the subject an 
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isofcopicaliy-enriched substance which is subjecz to 
the physiological function and which isotope is 
eventually expired in the form of an isotopicaily- 
enriched gaseous species; after such treatment, 
collecting a breath sample from the subject; 
maintaining the gaseous sample at a pressure 
sufficiently low as to allow a distinction to be made 
between an absorpcion line of the enriched species and 
the absorption lines of related isotop'ic species; 
transmitting said monochromatic radiation tnrciign 'z'-e 
breath sample .at the frequency of =r. absoro-io'- '.-.ns of 
the enriched species, and -is-j^ting c-e Inc e " • : 

the related spectral line f.:: :ne ir.rlch*. sp-.z-.B- a- 
a measure of the concsr.tra- en :»: -he .T.r--. ^pe-.:.v^i- 

15 in the sample. 

8. A. method' of eva luacir.-^ a proca^s in = 
system containing material mer.af.a zo isotope 
enrichment accordir.g to claim i, in which the nethcd 
is a method of evaluating a physioiogical function in 
a subject by a stable iscucce tracer a-.d comprises tr.i- 
steps of: administering to che subiecr an 
iso'topically-enriched subscanc- which is subjec-. 
the physiological function and which isccope is 
deposited as an enriched species in a biological 
specimen; after such treatment, preparing from the 
specimen a gaseous sample containing a specie enriched 
with the isotope tracer; maintaining the gaseous sample 
at a pressure sufficiently low to allow said 
distinction to be made between an absorption line of 
the enriched specie and the absorption lines of 
related isotopic species; transmitting said 
monochromatic radiation through the sample at the 
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f^aauency of an absorption line of zhe anriched 
species; and dececting the intensity of the related 

spectral line. 

9. A method of evaluating a process in 

5 a system containing material amenable to isotope 

enrichment according to claim 3, in which the stable 
isotope tracer is carbon-13 and the enriched species m 
the gaseous sample is carbon dioxide enriched with 
carbon-13 . 

10. A method of evaluating a process in a 
system containing material amenable to isotope 
enrichment according to claim 3, in which zhe scabl- 
isotope tracer is a low 3b.:ndance 
oxygen and the enriched species '-.r 

15 is carbon monoxide. 

11. A method of ^valuau l a process i.-. 2 
system containing material .mena^le to isotope 
enrichment according to clai.:! 3, in whi::-. the siao^e 
isotope tracer is oxygen-13 and the enriched ioe-: 
in the gaseous sample is water vapor enrichei - ' 
oxygen-13. 

12. A method of evaluating a process ir^ a 
system containing material amenable to isotope 
enrichment according to claim 8, in which the 3-..b- 
isotoce tracer is nitrogen-15 and the enriched species 
in the gaseous sample is ammonia enriched with 

nitrogen-15 . 

13. A method of evaluating a process m a 



.23 

with 



system containing material amenable to isotope 
enrichment according to claim 1, in which the method 
is a method of evaluating a physiological process -- 
subject by infra-red spectroscopic analysis 



in a 

of an 



onriched soecies, and comprises the seeps or: 
pr-oaring a substance enriched with a tracer isotope 
which is a precursor of an enriched isotopic species to 
be measured; preparing a first gaseous sample from a 

3 subject; transmitting infra-red radiation through the 
gaseous sample, at the frequency of an absorption line 
Of the isotonic species to be measured; detecting the 
intensity of the resultant spectral line to measure the 
concentration of the isotopic species in the sample; 

10 treating the subject with the isotope-enriched 

substance and then preparing a second gaseous sample 
from the subject; repeating the transmitting ara 
dete-^ina steos for the second sample; and ccmFc. .no 
the measured concentrations of said isotope .n .a::. 

15 f^.st and second gaseous samples,, to thereby :vve=. 

the effect of the physiological process on cne anr-.cne..- 
substance. 
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